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Materials and methods
In this study, three different samples were investigated: (i) a low-Au concentration sample (Table S1 ); (ii) a pure Fe sample (Table S2 ) and (iii) a high-Au concentration sample (Table S3) . Table S1 . Experimental parameters of the low-Au concentration sample 3.8×10 -19 Figure S1
. Schematic illustration of the magnetron-sputtering inert gas condensation system used to produce the FeAu nanocubes.
Additional TEM images of each samples with their respective size distribution
The size distribution of each sample has been deduced from more than 200 nanoparticles in all cases. Figure S2b , Figure S2d and Figure S2f show the size distribution of the three different samples. In each size distribution, the shapes of the nanoparticles are considered, with the abbreviations "NPs" and NCs" corresponding to spherical nanoparticles and cuboid nanoparticles, respectively. 
1.3
Electron Energy Loss Spectroscopy (EELS) quantification method Figure S3 . EELS point-scan quantification using Digital Micrograph software. a) and d) show STEM images of a representative FeAu nanocube from the low-Au concentration sample and from the high-Au concentration sample, respectively. b) and e) are the corresponding EELS spectra acquired on the green marker shown in (a) and blue marker shown in (d). c) and f) Comparison of the backgroundsubtracted Fe spectra and Au spectra for both point scans.
Additional X-Ray Photoelectron Spectroscopy (XPS) data
Elemental characterization of the as-prepared Fe-Au nanoparticles was performed after exposure to air, using X-Ray Photoelectron Spectroscopy (XPS). The analysis chamber base pressure was 1.6 × 10 -9 mbar. The X-ray source used was a monochromatized Al K (1486.6 eV). The employed pass energy was 160 eV and 20 eV for the wide scan and high-resolution spectra, respectively. The atomic concentrations were quantified by integration of the Au 4f and Fe 2p peaks after background subtraction. A Shirley-type background was chosen for all XPS spectra. The intensities were corrected using the corresponding relative sensitivity factors for each element. The XPS spectra fitting was performed with a combination of Gaussian/Lorentzian product form (GL) and Gaussian/Lorentzian Sum form (SGL), as lineshapes, using CASA XPS software.
Carbon was fitted using four different features, which we attribute to carbon and its surface oxides. Oxygen was fitted using three different features corresponding to the oxygen in SiO 2 , the metal Hydroxide (OH) and the metal oxide contributions. Au was fitted using doublet function for the metallic state. Fe was fitted using one peak for the metallic state ( 706 eV), two peaks for the iron oxide and another couple of peaks for the satellite features. 
1.5
Dependence of the melting points on cluster size and potential
In order to understand the relative state of Au and Fe NPs before coalescence, we run benchmarking simulations on the size dependence of the melting point of pure Au and Fe NPs. The simulations were performed by heating up the solid nanoparticle from room temperature to the melting point and beyond at a heat rate of 200 K/ns. The initial shape of the nanoparticles was derived from the Wulff construction. 1 The applied thermostat was the Nosé-Hoover thermostat. 2, 3 Linear and angular momenta were removed for the nanoparticles. We compared the results using the present Gupta potential with those for established and commonly used Embedded-Atom-Method (EAM) potentials. 4, 5 The method is known to produce slightly higher melting points because of the relatively high heat rate; therefore, we compared the obtained curves with the coexisting liquid-solid phase simulations 6 on corresponding bulk materials.
As shown in Figure S5 , the Gupta potential used in this work gives lower melting points of both Au and Fe nanoparticles. However, the relative tendency is very similar to the reference potentials (Mendelev et al. 5 for Fe and Foiles et al. Interestingly, we can also observe that the Au is located at the interface between the core and shell of the nanocube (e). f) Finally, we merged all the masked images in a single one (enlarged and color-coded) in order to visualize the distribution of each element within the nanocube more clearly. Figure S9 . MD+MMC annealing of bulk Au/Fe alloy. Initially, the Au and Fe atoms were randomly mixed. The whole simulations went through 600, 500, and 400 K for 106 MD steps each. The final ground state consists of a layered configuration with a Au(100)/Fe(100) interface.
MD + KMC simulation of the Au-Fe interface
Stability of the Au embedded layer upon heating
In-situ heating inside the electron microscope column was achieved with the Protochips Aduro 500 TEM holder platform, relying on membrane-based heating chips operated with open loop temperature control. Annealing experiments in vacuum were conducted at 500°C at pressures in the 10 -7 mbar range. The atomistic potential employed in our calculations is derived within the second-moment approximation to the tight-binding model. [8] [9] [10] [11] It is often denoted as Gupta potential in the literature. Gupta potential is many-body, because it cannot be written as the sum of pair terms. The potential energy E pot of a cluster of N atoms is written as the sum of single-atom contributions:
and ( ) represent repulsive and attractive contributions, respectively, and are defined as
Where ( ) represent the atomic species of atom ( ) is the distance between these atoms, and and are adjustable parameters. Thus, for a binary system a set of 15 parameters (5 for each element plus 5 describing the mixing, because ( ) and ( ) parameters are the same) need to be defined, of which only 12 are independent (it is always possible to adjust the other parameters to changes in ). is the cut-off radius. Beyond , the potential is smoothly brought to zero at a distance by a fifth order polynomial. The choices of and for the different types of interactions are explained in the following sections. The parameters of the Gupta potential are given in Table S4 . In the next sections we comment about their choice.
Au-Au interactions
Au-Au parameters are taken from. 12 They have been tested against experimental data for gasphase Au clusters 13 and for Au clusters adsorbed on MgO(100) 12-14 obtaining a quite good agreement. and have been chosen as the second-neighbor and third-neighbor distances in Au, respectively. The four independent parameters of Fe-Fe interactions have been fitted to the equilibrium nearest-neighbor distance in bulk bcc -iron, to the bulk modulus (170 GPa, see https://www.webelements.com/iron/physics.html), to the cohesive energy of -iron (4.28 eV/atom, see Ref. 15) , and to the difference between fcc and bcc bulk phases extrapolated to , which is 57 meV per atom. 16 Reproducing the correct energy difference between fcc and bcc phases is crucial for stabilizing the latter and obtaining the correct cluster shapes with increasing size. The cutoff radii and have been chosen as the third-neighbour distance in bcc -iron and the third-neighbor distances in fcc -iron, respectively.
This potential gives a vacancy formation energy of 1.46 eV, in excellent agreement with the experimental value of 1.4 0.1 eV. 17 The surface energies  for some low-index surfaces of Fe are given in Table S4 . These values are somewhat smaller then those obtained by DFT, 18 which are in the range of 140 meV/Å 2 . However, since Gupta potential underestimates also Au surface energies, the difference in surface energy of the two metals is well reproduced. The difference in surface energies is a key driving forces for surface segregation.
Fe-Au interactions
For Fe-Au interactions, the parameters have been taken as the arithmetic averages of those of pure metals, while has been fitted to the dissolution energy of a single impurity in bulk Au, for which detailed experimental data are available. This energy is of 0.30 eV/atom. 19 The dissolution energy of Au in Fe has then been calculated, obtaining the much large value 0.67 eV/atom, in qualitative agreement with the experimental results of a weaker miscibility of Au in Fe than Fe in Au. Cutoff distances and are of 4.06692 and 4.712589 Å, respectively. Table S5 . Surface energies (in meV/Å 2 ) for bcc Fe surfaces
Computational simulation methods
In this work, the computational simulations we performed can be grouped as follows: (i) The initial nucleation of Au and Fe nanoparticles, (ii) the coalescence of Au and Fe nanoparticles, (iii) the further deposition and surface segregation and (iv) MD combined with Metropolis Monte Carlo (MMC) annealing of the Au surface migration. All the simulations were performed with the classical MD code LAMMPS. 20 Besides the main simulations, we also did the benchmarking simulations on the melting points of pure Au and Fe NPs (see section 1.5 of the Supplementary information). The interactions between Au-Au, Au-Fe and Fe-Fe were modelled with the Gupta potential described in the previous section.
In the simulations of the initial nucleation, we studied the nucleation rates of Au and Fe plasma with the cooling of the Ar atmosphere. The Ar atmosphere thermostat has already been used in previous studies. 21, 22 Each simulation consisted of 12,500 Ar atoms and 3,125 pure metallic (Au or Fe) atoms. Initially, the atoms were randomly placed in a cube cell of 100 nm in side length, followed by primary energy minimization to avoid "hot spots" in the system. The initial temperature of Ar atoms was set to 300 K, while the temperature of the metallic atoms was 900 K. The velocities of atoms followed the Gaussian distribution. The total linear and angular momentum of the system were set to zero. atmosphere was scaled with the Nosé-Hoover thermostat, 3 while the metallic atoms were allowed to evolve freely and be cooled down by collisions with Ar atoms. The whole system can be considered as a NVT ensemble with the initial conditions far from equilibrium. The Ar-Ar interaction was modelled with Lennard-Jones potential. 23 The Ar-Au and Ar-Fe interactions were given by the corresponding purely repulsive Ziegler-Biersack-Littmark (ZBL) potentials. 24 Five cases with different initial atomic positions and velocities were run for 700 ns with timestep of 1fs.
The initial state of the coalescence simulation is shown in Figure 4a . The initial positions of the Au and Fe nanoparticles were set at 10 Å away from each other, in order to avoid the mutual interactions before the thermostatting. The numbers of atoms are 20922 for the cubic Fe nanoparticle and 4033 for the truncated octahedral Au nanoparticle. The initial temperatures for both nanoparticles were set from 700 K to 1200 K (100 K per step) in each case, respectively. After the initial thermalization, the thermostat was removed and two nanoparticles were given a relative drift velocity 10 m/s. The coalescence process was simulated in NVE ensemble (See Supporting Information Movie S1).
Subsequent simulations of further deposition used the approach describe in a previous study. 25 A cubic Fe nanoparticle with a Au outer shell (containing 20922 atoms, 6.3 nm side length), was placed in the center of a 20 nm × 20 nm × 20 nm simulation box. The Nosé-Hoover thermostat was applied to the atoms initially located within the 5 nm spherical region at the center of the nanoparticle. The deposition was simulated by adding a new Fe atom into the cell every 100 MD steps and 30,000 Fe atoms were added in total. We compared the final structure of the grown nanoparticles at 800 and 1000 K with 23.5 % (two-layers shell) and 13.2 % (one-layer shell) Au concentration. The simulation was carried out for 4 ns with a time step of 1 fs (See Supporting Information Movie S2).
Surface decoration is purely a diffusion process, taking place after the deposition process had finished. The time scale of the thermal activated process is beyond the capabilities of MD at low temperature. The conventional solution of increasing the temperature would enhance the entropy effect, thus changing the thermodynamics significantly. Therefore, in order to found the equilibrium configuration of the surface, we conducted simulated annealing using a combined MD + MMC method. The initial structure was an Fe nanocube with 12471 atoms. The 30 % outermost surface atoms (i.e. 576 out of 1976 atoms) were switched to Au randomly. Then, the whole system was simulated in NVT assemble, starting from 900 K to 300 K. During the simulation, the Au and Fe atoms were allowed to swap positions randomly every 10 MD steps. The acceptance rate followed the Metropolis criterion:
( ) for potential energy difference between the while if where and are the Boltzmann constant and the corresponding temperature, respectively. The simulations ran 1 ns for each temperature step and the temperature step was set at 100 K (900 K, 800K …, 300K).
